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Abstract

:

Under the action of Arctic low temperatures and long-term alternating loads, the fatigue life of the submarine rudder stock mechanism is severely tested. In this paper, the research method of the static strength analysis and fatigue life analysis of the submarine rudder stock mechanism is proposed by combining multibody dynamics, the finite element method, and tests. Based on the three-dimensional model and the motion law of the rudder stock mechanism, a multibody dynamic model is established, and the time history loads of each node of the mechanism are obtained. According to the working temperature range of the submarine rudder stock mechanism in the Arctic, low-temperature tensile tests are carried out. Based on the experimental data, the finite element model is built, and static analysis is carried out. Using the S–N static fatigue design method, fatigue simulation analysis is performed by using nCode DesignLife. The analysis results show that the fatigue life of the submarine rudder stock mechanism decreases significantly when the temperature is reduced from 0 °C to −60 °C. This method can provide a reference for submarine design and life model establishment in the Arctic environment.
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1. Introduction


With global warming and the application of new technologies, the rich oil, gas, and mineral resources in the Arctic are expected to be developed, and new ocean transportation routes are expected to be opened. The unprecedented melting of Arctic ice provides new opportunities for shipping by decreasing the distance for commercial traffic between Asia and Europe by up to 40% [1]. The Arctic Channel will also become a convenient channel. It is its shipping value that determines the strategic military value of the Arctic.



Seventy-three percent of the Arctic Ocean is covered by ice. The ice layer up to several meters thick can effectively prevent the penetration of electromagnetic waves. Even the most advanced satellites have difficulty tracking and monitoring submarines. The huge noise generated by the frequent breaking of sea ice can interfere with sound waves, thus damaging the tracking of underwater monitoring systems so that submarines can move freely under the ice without being detected. The efficiency of long-range backscatter radar for detecting submarines is greatly reduced due to the frequent interference of the ionosphere in polar regions. Therefore, the Arctic is the “ideal hiding place” for submarines [2].



The Arctic is foggy, the visibility is low, and the channel is winding and tortuous and changes with sea ice movement. When a submarine sails on the Arctic surface, it needs to change the course frequently to use the ice water channel and thin ice area. When sailing in an ice area, the submarine speed is low, the steering efficiency is reduced, and the submarine turns slowly [3]. Submarines mainly rely on the rudder stock mechanism located in the nonwatertight area between the pressure hull and the submarine shell for lifting. After the actual investigation of our research team, large pieces of ice floes are unable to enter the area where the rudder stock mechanism is located, while smaller ice floes have little effect on this structure. Unlike in pressure hull, the rudder stock mechanism will be directly exposed to extremely cold temperatures. Therefore, low temperature is the most important factor affecting the fatigue life of submarine rudder stock mechanism in the Arctic environment. Under the action of Arctic low temperatures and long-term alternating loads, the fatigue life of the submarine rudder stock mechanism is severely tested.



The fatigue life of the rudder stock due to the ship roll motion under random sea waves was examined by AS Mujahid et al., but temperature conditions lower than the normal operating temperature were not included in the calculation model [4]. Braun et al. presented a comprehensive review of the current state-of-the-art high-cycle fatigue strength assessment methods for steel structures subjected to subzero temperatures and provided an overview of how to account for temperature effects on the fatigue strength when designing steel structures [5]. They also experimentally analyzed the effect of subzero temperatures on the fatigue strength of butt-welded normal and high strength steel structures [6]. Wang et al. studied the low-temperature mechanical properties and low-temperature fatigue properties of polar icebreaker steel and concluded that the yield strength, tensile strength, and other static properties increase to varying degrees with decreasing temperature, the plasticity of the steel decreases, and the brittleness increases [7]. In conclusion, research on the fatigue of polar ships mainly focuses on the fatigue of hull structures under ice loads and low temperature loads, while research on the low temperature fatigue of machinery outside the sealed cabin is scarce.



In recent years, with the continuous development of computer technology and the wide application of finite element calculations, it is very common for scholars to combine fatigue analysis software (FE safe, nCode DesignLife, etc.,) with different fatigue design methods for fatigue analysis [8,9,10,11,12,13]. Md Asif Amin and Brian Veitch used the finite element method to evaluate the fatigue life of the Arctic Class Icebreaker profiler [14]. Astarry Nugroho et al. used the finite element method to analyze the steering system of ORCA fishing inspection vessels and checked each component of the steering system [15]. Li et al. used advanced hierarchical finite element technology to calculate the dangerous tooth load histories under the influence of system global elastic behavior, and the tooth probability fatigue strength was obtained through the gear low-cycle fatigue test and life distribution transformation method [16]. Li et al. used the layered finite element method to calculate the fatigue load history of gear teeth under the coupling of the overall elastic behavior of the system [17]. Li et al. analyzed the fatigue life of the main reducer gear considering electromagnetic braking and traditional friction braking based on the static analysis results and the S–N curve of materials [18].



In this paper, multibody dynamics, the finite element method, and tests are combined to study the fatigue life of the submarine rudder stock mechanism. The analysis flow chart is shown in Figure 1.




2. Multibody Dynamics Analysis


The submarine elevator is used to control the attitude and direction of the submarine, which is composed of a rudder stock mechanism and hydraulic steering gear. The submarine elevator is a balanced nonwatertight rudder located at the stern of the submarine as a whole. It is a trapezoidal structure with double rudder blades and is fixed on the horizontal stabilizer wings on both sides of the submarine stern by a shaft connection. The hydraulic steering gear in the pressure resistant hull exerts axial push and pull on the transmission rod, and the force is transmitted to the guide rod through the guide device. The rod drives the linkage rod and the tiller to rotate, generating the rudder force to realize the floating and diving of the submarine.



2.1. Dynamic Analysis of the Rudder Stock Mechanism


After the three-dimensional model of the rudder stock is established, it is imported into the view function module of Adams dynamic analysis software by using the software interface. The left and right tillers are hinged on the connecting rod and have a rotation degree of freedom with the connecting rod, which can rotate around the connecting rod. One end of the guide rod is connected with the connecting rod and can rotate relative to the connecting rod. To omit the complicated driving device in the submarine pressure hull, a virtual crank is added to the structure to drive the mechanism. One end of the virtual crank is connected to the guide rod through the reaming hole, and it can rotate relative to the guide rod; the other end is connected to the virtual shell and can rotate relative to the shell. According to the motion principle of the rudder stock mechanism, rotation pairs are added in the software for the linkage and the hull, the crank and the guide rod, the guide rod and the linkage, and the tiller and the hull.




2.2. Simulation Parameter Setting


During dynamic analysis, it is necessary to define the materials of each part of the model. The software automatically calculates the mass of each part according to the density and volume of the materials and finally produces dynamic effects according to the mass and gravity acceleration. The parts of the submarine rudder stock mechanism are made of various types of high-strength structural steel with similar material densities, so the material type is steel.



The rudder stock mechanism is in the gravity field as a whole, so the gravity field is added to the whole model. In addition, the tiller is subject to a load, so a load needs to be added. To navigate in the complex ice area, submarines operating in the polar region will use surface manipulation in a large number of cases. When the submarine elevator operates at a fixed rudder angle, its rudder force and moment are calculated according to the following formulas:


    C  (   δ r   )  =  1 2  ρ  V 2   L 2   C   δ r   ′   δ r      Q  (   δ r   )  =  1 2  ρ  V 2   L 3   Q   δ r   ′   δ r     



(1)




where  C  is the rudder force;    δ r    is the rudder angle;  ρ  is the density of seawater;  V  is the speed of the submarine; and  L  is the chord length of the rudder blade;  Q  is the rudder torque.



As the left and right tillers of the rudder stock are symmetrically arranged, the torque borne by the rudder stock is 1,440,000 N·m. The dynamic model after adding the constraint, drive, and load is shown in Figure 2.




2.3. Simulation Analysis Process


In this paper, inverse simulation analysis is carried out by adding angular displacement to the connecting rod. The tiller rotates 30 degrees in the forward direction in 0–10 s, resets in 10–20 s, rotates 30 degrees in the reverse direction in 20–30 s, resets in 30–40 s, and the average speed is 3 degrees/s. Since the actual driving source is on the crank, the driving law of the driving source is unknown. Therefore, the drive on the tiller is first loaded, and then, the movement law of the crank is simulated. Then, the driving law is loaded on the crank to drive the movement of the whole device. The movement of the crank is shown in Figure 3.



In this paper, the interactive simulation solver is selected for simulation calculation. To ensure the accuracy of the simulation results and take into account the simulation efficiency, the simulation time is set as 40 s, and the number of simulation steps is 1000. The simulation results are shown in Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8.



During the working process of the rudder stock mechanism, the force curve of the above nodes changes with the rotation of the mechanism, and the force change curve is similar because under a certain load, the force of two adjacent mechanisms satisfies the relationship between the force and the reaction force. At the same time, it can be seen that there are two peaks in the curve, and the values there are far greater than those at other times. Therefore, the two points are numerical singularities. In the actual value, the two peaks are not considered, and the numerical singularities are eliminated. The maximum force value of each node is shown in Table 1.



The analysis and simulation results show that the maximum force on each node occurs at the connection between the guide rod and the link, indicating that this is the fatigue hotspot of the mechanism. The multibody dynamics simulation analysis also gives its time history load spectrum, which provides data support for subsequent static analysis and fatigue analysis.





3. Static Analysis


3.1. Low-Temperature Tensile Test of a Naval Steel


In the components of the submarine rudder stock, the guide rod plays an important role in transmitting the torque of the steering gear. The connecting rod connects the guide rod and the tiller in series to form a complete connecting rod mechanism. The material used in the mechanism is a certain type of naval steel, and the mechanical properties of the steel will be reflected at low temperatures, mainly the increase in strength and decrease in toughness [19].



The average temperature in the Arctic Sea area is −20 °C to −40 °C in winter, up to −70 °C in extreme cases, and below 8 °C in summer [20]. ABS also provides for low polar design temperatures, giving the lowest design temperature for polar vessels at −60 °C degrees Celsius [21]. According to the temperature condition data, the working temperature range of the rudder stock mechanism of the submarine performing tasks in the Arctic is between 0 °C and −60 °C. To improve the accuracy of the simulation analysis, the authors carried out low-temperature tensile tests. The test temperatures are set as 0 °C, −20 °C, −40 °C, and −60 °C. Three test pieces were analyzed at each temperature. The test piece is shown in Figure 9. The test process and refrigerating system are shown in Figure 10.



The stress-strain curves of a certain type of naval ship steel at the four temperatures can be obtained through the data acquisition software (Figure 11).



The changes of the tensile strength and yield strength with temperature are shown in Table 2.




3.2. Finite Element Model


To simplify the calculation, the small structural parts of the model are removed. The simplified model is imported into Workbench through the software interface, and the automatic division method is selected to grid the mechanism. A total of 27,159 nodes and 11,469 units are generated. The FE meshing result is shown in Figure 12. Boundary conditions and the loading of FE model are shown in Figure 13.




3.3. Static Simulation Analysis Results


Based on the calculation of the rudder force of the rudder stock, the equivalent stress distribution of the rudder stock mechanism is obtained by imposing static loads and constraints on the structure. According to the calculation of Workbench, the maximum stresses at 0 °C, −20 °C, −40 °C, and −60 °C are 170.94 MPa, 181.15 Mpa, 228.37 Mpa, and 275.58 MPa, respectively. The stress nephogram is shown in Figure 14.



The stress concentration occurs at the joint of the guide rod and the connecting rod, which is consistent with the multibody dynamics simulation results. With decreasing temperature, the maximum stress of the rudder stock mechanism shows a nonlinear upward trend.





4. Fatigue Life Analysis


4.1. Compilation of the Load Spectrum


As an important factor affecting fatigue analysis, the load spectrum determines the accuracy of the final results of the fatigue analysis. The load spectrum in the fatigue analysis is divided into the time series load spectrum, time step load spectrum, constant amplitude load spectrum, etc. According to the actual working condition of the submarine rudder stock, the static fatigue analysis method is adopted, and the load spectrum is determined as the time series load spectrum.



In the preparation of the load spectrum, the data relationship between the actual force and time of many mechanisms is not easy to collect, so many scholars use the method of multibody dynamics simulation to prepare the load spectrum. Zhang et al. carried out a dynamic simulation analysis for the transmission mechanism of the cross rudder of a sightseeing mini-submarine, and the variation tendency of the contact force between the tiller and piston rod was obtained through simulation results [22]. Moritz et al. used numerical models to simulate the dynamic ice-, wind-, and wave-structure interaction, which can then be used as a loading sequence for the fatigue assessment or fatigue testing of the welded joints of offshore wind turbine support structures [23].



Since it is difficult to obtain data from the actual time history load spectra of the submarine rudder stock, the curves obtained in Section 2 are used as the time series load spectra in this section.




4.2. Fatigue Analysis Method


The fatigue life commonly refers to the number of cycles of stress or strain that parts endure when they fail due to fatigue.



Current fatigue analysis methods are divided into three main categories [24]:




	
The first is the S–N method, which is used to calculate the stress of a member that does not reach the yield strength of the material. It is mainly used to calculate the high cycle fatigue life. This method studies the life of the member before fatigue failure;



	
The second is the E–N method, which is used to calculate the local stress–strain of a member when its stress reaches the yield strength but does not reach the tensile strength. It is mainly used for the calculation of low cycle fatigue life, which studies the life from local strain to crack initiation;



	
Third, the method of crack propagation life is used to study the fatigue life of components after cracks occur, which is based on the theory of fracture mechanics. This method reveals the essence of fatigue life from a micro perspective. However, due to the high theoretical requirements for fracture mechanics, it is difficult to apply this method widely in engineering practice.








The rudder stock mechanism belongs to the high cycle fatigue type, so the S–N method is selected for the fatigue life analysis. Its theoretical basis is the fatigue cumulative damage hypothesis (Miner criterion). It is assumed that fatigue damage and failure are linear cumulative processes that ultimately reach the failure limit value, which leads to fatigue failure.



The fatigue characteristic parameters of the materials of the submarine rudder stock mechanism have a decisive influence on the fatigue life. Therefore, only by obtaining accurate fatigue characteristic parameters of the materials, the exact fatigue life can be obtained. The conventional group test method for obtaining S–N curve is a time-consuming and expensive test program [25]. In fatigue research, it is a common method to infer the S–N curve of materials through static stress data and modify the existing curve. Alvaro provided an overview of how to account for temperature effects on fatigue strength when designing steel structures [26]. The method proposed by Dong [27] is used to modify the S–N curve of naval steel, and the S–N curve of a naval steel at low temperature is obtained (Figure 15).




4.3. Fatigue Life Analysis Results


The nCode DesignLife is integrated on Workbench platform and is positioned as an integrated fatigue durability engineering solution. Its functions are mainly divided into fatigue data acquisition, post-processing of stress output results, and fatigue cloud generation, providing users with advanced fatigue analysis methods. The fatigue analysis module can be initiated after completing the static calculation. Through the analysis type selected in Workbench, the S–N static fatigue analysis process is automatically established in nCode DesignLife. After setting the parameters of each module, the fatigue life nephogram of the rudder stock mechanism is obtained, as shown in Figure 16.



It can be seen from the figure that:




	
The severely damaged area of the rudder stock mechanism is located at the connection between the guide rod and the connecting rod. With the temperature decreasing in a gradient, the fatigue hotspot position is transferred from the connection between the guide rod and the connecting rod to the front end of the guide rod.



	
When the temperature is 0 °C, 20 °C, and 40 °C, there is no significant difference in the fatigue life of the rudder stock mechanism.



	
When the temperature is reduced to −60 °C, compared with the previous temperature, the fatigue life suddenly decreases from 6.72 × 106 to 3.74 × 106. The reason may be that the substantial increase in the equivalent stress is related to the material properties of the steel structure itself.










5. Conclusions


In this paper, the static strength analysis and fatigue life analysis of the submarine rudder stock mechanism at low temperatures in the Arctic are carried out using the research methods of multibody dynamics, finite element analysis, and experimentation.



	
The fatigue hotspot of the mechanism is located at the joint of the guide rod and the connecting rod.



	
With the temperature decreasing from 0 °C to 60 °C, the fatigue life of the submarine rudder stock mechanism is significantly shortened.



	
This analysis forms a method to obtain the time history load spectrum by using multibody dynamics analysis and to analyze the fatigue life of the rudder stock mechanism by connecting a low-temperature test, static analysis, and fatigue life analysis in series, which provides a solution idea and means for fatigue analysis of the rudder stock mechanism and lays a foundation for establishing the life model and optimal design of submarine mechanical structures under Arctic low temperatures in the future.



	
To obtain a more accurate fatigue life, factors such as the ductile brittle transition of steel structures at low temperature and the low-temperature fatigue of welded joints should also be considered. The load spectrum should also select the measured data from the submarine as a reference. The next step will be devoted to research in this field.
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Figure 1. Analysis flow chart. 
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Figure 2. Dynamic model after adding the load, constraint, and drive. 
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Figure 3. Crank motion law. 
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Figure 4. Stress at the node of the guide rod and connecting rod. 
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Figure 5. Stress at the connection between the left tiller and connecting rod. 
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Figure 6. Stress at the connection between the right tiller and connecting rod. 
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Figure 7. Stress at the connection between the left tiller and the non-pressure hull. 
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Figure 8. Stress at the connection between the right tiller and the non-pressure hull. 
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Figure 9. Test piece. 
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Figure 10. (a) Test process; (b) Refrigerating system. 
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Figure 11. Stress-strain curves at four temperatures. (a) 0 °C; (b) −20 °C; (c) −40 °C; and (d) −60 °C. 
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Figure 12. FE mesh. 
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Figure 13. Boundary conditions and the loading of FE model. 
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Figure 14. Stress nephogram of the rudder stock mechanism at four temperatures. (a) 0 °C; (b) −20 °C; (c) −40 °C; and (d) −60 °C. 
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Figure 15. S–N curve of a naval steel at low temperature. 
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Figure 16. Fatigue life nephogram of the rudder stock mechanism at four temperatures. (a) 0 °C; (b) −20 °C; (c) −40 °C; and (d) −60 °C. 
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Table 1. Maximum force value of each node.
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	Connecting Node Location
	Maximum Force Value (kN)





	guide rod and connecting rod
	373



	left tiller and connecting rod
	221



	right tiller and connecting rod
	214



	left tiller and non-pressure hull
	221



	right tiller and non-pressure hull
	214
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Table 2. The tensile strength and yield strength with temperature of a naval steel.
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	Temperature (℃)
	Tensile Strength (MPa)
	Yield Strength (MPa)





	0
	636
	515



	−20
	663
	515



	−40
	664
	576



	−60
	666
	590







The data can be imported into the Engineering data of Workbench.
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